ABSTRACT Aims/Introduction: Endothelial cell inflammatory injury is likely required for barrier dysfunction under hyperglycemic conditions. Curcumin (CUR) is well known for its anti-inflammatory effect. However, there have been few reports about the anti-inflammatory effect of CUR induced by high glucose in endothelial cells. The aim of the present study was to investigate the inflammatory effect of high glucose and the anti-inflammatory effect of CUR induced by high glucose in rat thoracic aorta endothelial cells (TAECs). Materials and Methods: Well characterized TAECs were established and cell viability was assayed by the cell counting kit-8 method, messenger ribonucleic acid and protein expression were identified by real-time polymerase chain reaction, western blot or enzyme-linked immunosorbent assay, respectively. The production of reactive oxygen species was observed by a fluorescence microscope. Results: High glucose (30 mmol/L) significantly decreased the cell viability of TAECs after being co-cultivated for 12 h and showed a time-dependent manner, and increased interleukin (IL)-1b, IL-6 and tumor necrosis factor-a secretion in TAECs. The injury effect of high glucose was involved in the reactive oxygen species-phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)-nuclear factor (NF)-jB signaling pathway. Anti-oxidant N-acetylcysteine, PI3K and NF-jB-specific pathway inhibitors can abolish the secretion of these inflammatory factors; pretreatment with anti-oxidant N-acetylcysteine significantly decreased PI3K expression, the level of phosphorylated AKT and nuclear NF-jB; pretreatment of LY294002 can significantly decrease the NF-jB level in nuclei. After treatment with CUR for 12 h, IL-1b, IL-6 and tumor necrosis factor-a secretion were markedly decreased, and PI3K expression, the phosphorylation of AKT and nuclear NF-jB level were also decreased. Conclusion: Curcumin attenuates high glucose-induced inflammatory injury through the reactive oxygen species-PI3K/AKT-NF-jB signaling pathway in rat thoracic aorta endothelial cells.
INTRODUCTION
Research has shown that the initiation and development of diabetes is a chronic inflammation progression 1, 2 , and the accumulation of glucose activates vascular inflammation through increasing the capability of endothelial adhesiveness to monocytes. The glycation end-products can exert an effect of inducing and amplifying the oxidant and inflammation in vascular endothelial cells [3] [4] [5] . The damaged endothelial cells induced by inflammation results in microvascular dysfunction. Impaired barrier function in the vascular wall, neutrophil influx into organs, impaired distribution of blood flow in microvascular beds, as well as microvascular thrombosis are the most common forms of microvascular dysfunction 6, 7 . Endothelial dysfunction is an early step in many vascular diseases, and inflammation takes part in the pathological process of organ dysfunction mostly by motivating endothelial dysfunction 8 . Data from experimental research and clinics suggest that endothelial dysfunction is the initial step of activating coagulation, which is marked by a shift towards the pro-inflammatory state. For attenuating hyperglycemia-induced chronic vascular diseases is to find a strategy in dealing with redundant glucoseinduced endothelial inflammatory injury.
Curcumin (CUR; chemical structure shown in Figure 5a ) is a natural phytochemical of turmeric from the rhizomes of Curcuma longa, and has been reported to have a wide pharmacological effect, such as anti-inflammatory [9] [10] [11] , anti-oxidant [12] [13] [14] , and anti-carcinogenic properties [15] [16] [17] , and is widely used in treating arthritis, cancer, respiratory infections, and digestive and liver abnormalities. The anti-inflammatory effect of CUR is well documented, whereas the anti-inflammatory effect in the diseases of diabetes is not clear. Here, we explored the inflammatory effect of high glucose in rat thoracic aorta endothelial cells (TAECs) and the anti-inflammatory effect of CUR on high glucose-induced inflammation in TAECs, and furthermore, investigated whether high glucose elicited the endothelial inflammatory response or the anti-inflammatory effect of CUR through the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) and nuclear factor (NF)-jB signaling pathway.
METHODS

Reagents
Curcumin was from the National Food and Drug Testing Institute, Beijing, China. Dulbecco's modified Eagle's medium (DMEM) 1,640 (the concentration of glucose is 5.6 mmol/L) was purchased from Hyclone (South Logan, UT, USA), and fetal bovine serum (FBS) was acquired from GIBCO BRL (Grand Island, NY, USA). Endothelial cells growth factor was bought from Roche Inc. (Basel, Switzerland). Trizol and the one-step reverse transcription polymerase chain reaction (PCR) kit were from Invitrogen (Carlsbad, CA). PI3K inhibitor LY294002, anti-oxidant N-acetylcysteine (NAC) and NF-jB inhibitor pyrrolidine dithiocarbamate (PDTC) were from Sigma-Aldrich (St. Louis, MO, USA). Rabbit NF-jB antibody and rabbit CD 31 antibody were provided by Abcam (Cambridge, MA, USA). Rabbit monoclonal b-actin antibody was ordered from Zhuangzhi Biotech (Xi'an, China). AKT and phospho-AKT antibodies, 2 0 ,7 0 -dichlorodihydrofluororescein (DCF) diacetate were obtained from Beyotime (Jiangsu, China). PI3K antibodies were from Cell Signaling Technology (Danvers, MA, USA). Relative second antibodies were provided by CW Biotech (Beijing, China). Enzyme-linked immunosorbent assay (ELISA) kits for detecting interleukin (IL)-1b, IL-6 and tumor necrosis factor (TNF-a) were from West Tang (Shanghai, China). All other materials, except where indicated, were of analytical grade.
Primary rat TAECs
Rat TAECs were isolated from the thoracic aortae of male Sprague-Dawley rats based on previously described methods 18 , and were identified by immunofluorescence staining with CD 31 antibody ( Figure S1 ). The cells were cultured in DMEM media supplemented with 20% FBS, 100 U/mL streptomycin, 100 U/mL penicillin, 95 lg/mL heparin and 20 lg/mL endothelial cells growth factor. The cells were maintained in a 5% humidified air CO 2 atmosphere at 37°C. Cells at passage 3-8 when at 80-90%, confluence were used in the current study. All experimental procedures were strictly instructed by the international, national and institutional rulers, and approved by the Institutional Animal Care Committee of Henan University.
Cell viability assay
The cell counting kit-8 method was used to detect the cell viability of TAECs after indicated treatment in 96-well plates. The experimental protocol was as follows: after indicated treatment, 10-lL cell counting kit-8 solution was added to each well and followed by a further 4-h incubation at 37°C. The optical density was measured at 450 nm by a microplate reader (Molecular Devices, Sunnyvale, CA, USA). The mean optical density of six wells was used to calculate the cell viability percentage.
Quantitative real-time PCR
The TAECs were cultured in six-well plates at the density of 1 9 10 5 cells per well. After indicated treatment, the cells were washed twice with ice-cold phosphate-buffered saline, and the total messenger ribonucleic acid (mRNA) was extracted by Trizol reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions. The concentration of RNA was determined by measuring the absorbance at 260 nm. The total RNA was then reverse transcripted to complementary deoxyribonucleic acid (cDNA) by high-capacity reverse transcriptase and 1 lmol/L oligo (dT; Takara, Tokyo, Japan). The primer pair sequences were specific to rat IL-1b (F-5
0 ) and glyceraldehyde-3-phosphate dehydrogenase (F-5 0 -TGGAGTCTACTGGCGTCTT-3 0 ; R-5 0 -TGTCATATTTC TCGTGGTTCA-3 0 ). cDNA was amplified and normalized to the level of glyceraldehyde-3-phosphate dehydrogenase. SYBR premix Ex taq (Takara Bio Inc., Shiga, Japan) was used in the current experiment, which was carried out in the Mx3000P quantitative PCR system (Stratagene, La Jolla, CA, USA). All samples were run in triplicate, and analyzed using the 2 -DDCt methods as previously described.
Elisa
TAECs were cultured in a 96-well plate and stimulated with high glucose for 12 h. Then, the supernatant was collected, and levels of IL-1b, IL-6 and TNF-a in the supernatant were assayed by ELISA kit specific for rat IL-1b, IL-6 and TNF-a.
Measurement of intracellular reactive oxygen species
The level of intracellular reactive oxygen species (ROS) was determined by oxidative conversion of cell-permeable DCF diacetate to fluorescent DCF. After indicated treatments, DCF diacetate (10 lmol/L) in FBS-free DMEM was added to the six-well plate and the cells were incubated for 20 min at 37°C. Then, the six-well plates were washed three times with FBS-free DMEM, and DCF fluorescence was measured by using a fluorescent microscope (BX50-FLA; Olympus, Tokyo, Japan). Mean fluorescence intensity from six random fields was analyzed using Image J 1.41 software (National Institutes of Health, Bethesda, MD, USA), and mean fluorescence intensity was used to represent the amount of ROS.
Immunofluorescence staining
The TAECs were incubated with the primary rabbit anti-CD31 antibody overnight at 4°C and then with the secondary Alexa fluor 488 conjugated antibody for a further 3 h at room temperature. Subsequently, the cells were stained in 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride solution. Each step above was followed by washing three times. Finally, the cells on coverslips were preserved in anti-fade mounting medium and CD31 expression was observed under fluorescent microscope (BX50-FLA; Olympus, Tokyo, Japan).
Western blot
After the indicated treatment, the cells were washed twice with ice-cold PBS (pH 7.4), and lysed with lysis buffer supplemented with protease inhibitor cocktail and phosphatase inhibitors (Roche, Basel, Switzerland) 100 lL per well of a six-well plate. Concentration of the protein was measured by bicinchoninic acid assay protein assay kit (Bio-Rad, Hercules, CA, USA). An equal amount of the protein (30 lg) was loaded, separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis, and blotted onto polyvinylidene fluoride membrane (0.45 lm, GE Healthcare, Buckinghamshire, UK). The membranes were incubated with anti-b-actin (1:2000), anti-AKT (1:1500), antiphophos-AKT (1:800) or anti-PI3K (1:1000), anti-NF-jB (1:500) and anti-LaminB (1:1000) antibodies at 4°C overnight. After being washed three times, the membranes were incubated with the relevant horseradish peroxidase-conjugated second antibodies (1:3000) for 3 h, and then the immune complexes were enhanced by chemiluminescence.
Statistical analysis
The results are represented as mean -standard error of mean. Statistical analysis was carried out by Steer-Dwass or MannWhitney multiple comparison tests. This was carried out by GraphPad Prism 6.0 (GraphPad Software, Inc. La Jolla, CA, USA). A P-value < .05 was considered statistically significant.
RESULTS
Effect of high-glucose treatment on the cell viability of TAECs Figure 1 a showed that the cell viability of TAECs were significantly inhibited by glucose at 30 mmol/L for 12 h and showed a concentration-dependent effect; the result shown in Figure 1b indicated a time-dependent effect when subjected to glucose at 30 mmol/L. However, cells that were exposed to mannitol, an osmotic control, did not influence the growth rate of the TAECs. This suggested that high-glucose-inhibited cell viability was not a consequence of high osmolarity (Figure 1c and d) .
High glucose induces inflammatory cytokines expression in TAECs
The IL-1b, IL-6 and TNF-a mRNA were tested by real-time quantitative PCR. As shown in Figure 2a -c, IL-1b, IL-6 and TNF-a mRNA in TAECs were significantly increased after exposure to glucose at 30 mmol/L for 12 h. The results from ELISA showed that IL-1b, IL-6 and TNF-a proteins in supernate of the DMEM were significantly increased after exposure to glucose at 30 mmol/L for 12 h compared with the control group (Figure 2d-f) . However, cells exposed to mannitol did not influence the secretion of inflammatory factors of the TAECs. This suggested that high glucose increased the secretion of IL-1b, IL-6 and TNF-a, and was not a consequence of high osmolarity.
ROS, PI3K/AKT and NF-jB signaling pathway involved in the inflammatory effect of high glucose in TAECs As shown in Figure 3a , high glucose treatment was able to increase the generation of intracellular ROS in TAECs. The results from western blot showed that PI3K and phosphorylated AKT proteins expression were increased, as well as activating NF-jB in TAECs after the stimulation with glucose at 30 mmol/L for 12 h (Figure 3b-d) . However, cells that were exposed to mannitol at 24.4 mmol/L did not affect the level of the aforementioned proteins of the TAECs. This suggested that the increased expression of PI3K, phosphorylated AKT and activating NF-jB as a result of high glucose was not a consequence of high osmolarity.
Further research by ELISA showed that IL-1b, IL-6 and TNF-a proteins in the supernate of DMEM were significantly decreased after being pretreated with LY294002 at 10 lmol/L (PI3K pathway inhibitor), PDTC (NF-jB inhibitor) at 100 lmol/L and anti-oxidant NAC at 10 -2 mol/L for 1 h. These results showed that the ROS-PI3K/AKT-NF-jB signaling pathway is involved in the inflammatory effect of high glucose in TAECs (Figure 3e-g ).
Inflammatory effect induced by high glucose through the ROS-PI3K/AKT-NF-jB signaling pathway in TAECs ROS, PI3K/AKT and NF-jB participate in the expression of inflammatory cytokines in TAECs. High glucose-induced inflammation in TAECs is possibly related to ROS-PI3K/ AKT-NF-jB signaling. Pretreatment of the cells with 10 -2 mol/L NAC (anti-oxidant) for 1 h was able to inhibit the expression of PI3K (Figure 4a ), the phosphorylation of AKT (Figure 4b ) and also decrease the activation of NF-jB (Figure 4c) . These results showed that ROS are upstream of the PI3K and NF-jB signaling pathway in the inflammatory effect of high glucose in TAECs.
Further study was carried out by using 10 lmol/L LY294002 (PI3K inhibitor) to investigate the role of PI3K in the inflammatory effect of high glucose in TAECs. Data showed that LY294002 was able to inhibit the level of nuclear NF-jB expression ( Figure 4e) ; however, the expression of ROS was not significantly decreased (Figure 4d ). These data showed the inflammatory effect induced by high glucose through the ROS-PI3K-NF-jB signaling pathway in TAECs.
Finally, we explored whether the activation of NF-jB can also influence the expression of ROS and the 0 C o n t r o l G l u c o s e M a n n i t o l C o n t r o l G l u c o s e M a n n i t o l C o n t r o l G l u c o s e M a n n i t o l C o n t r o l G l u c o s e M a n n i t o l and NF-jB were assayed by western blot and (e-g) proteins expression of interleukin (IL)-1b, IL-6 and tumor necrosis factor (TNF)-a were identified by enzyme-linked immunosorbent assay. Results were from six independent experiments for enzyme-linked immunosorbent assay and ROS detection, and three independent experiments for western blot. Data are expressed as mean -standard error of the mean. **P < 0.01 vs control, phosphorylation of AKT. As shown in Figure 4f and g, pretreatment with 100 lmol/L PDTC (NF-jB inhibitor) for 1 h cannot notably affect the level of ROS and the phosphorylation of AKT. The results enhanced the aforementioned conclusion that the inflammatory effect is induced by high glucose through the ROS-PI3K-NF-jB signaling pathway in TAECs. Figure 5b showed that CUR from 0-40 lmol/L did not affect the cell viability of TAECs, when treatment with CUR at a concentration of 10 lmol/L for 0-24 h also showed the same effect (Figure 5c ).
Effect of CUR on the cell viability TAECs
CUR attenuates high glucose-induced TAECs inflammatory damage through the ROS-PI3K/AKT-NF-jB signaling pathway
As shown in Figure 6 , IL-1b, IL-6 and TNF-a proteins in TAECs were significantly decreased in the presence of CUR 10 lmol/L for 12 h. The level of inner ROS, as well as the expression of PI3K, the phosphorylation of AKT and the activation of NF-jB were notably decreased. These results showed that the anti-inflammatory effect of CUR might be through interfering with the ROS-PI3K/AKT-NF-jB signaling pathway in high-glucose-induced inflammation of TAECs.
DISCUSSION
Hyperglycemia has been regarded as a risk factor of endothelial dysfunction, and also promotes the progression of vascular complications. High glucose could increase the risk of cell damage and dysfunction in endothelial cells. Diabetes is a greater risk for cardiovascular morbidity and mortality. Research showed that improving endothelial function and decreasing inflammation could lower cardiovascular disease risk of diabetes patients [19] [20] [21] . In the present study, we found that high glucose could increase the secretion of IL-1b, IL-6 and TNF-a in TAECs.
In people with diabetes, multiple organ dysfunction is mainly a result of systemic inflammatory injury of the microvasculature, especially the microvascular endothelial cells. Microvascular and microvascular endothelial cells dysfunction or injury are the initial stage of organ dysfunction. The activation of the inflammatory effect through multipathways, and oxidative damage to endothelial cells is severe in diabetes patients. ROS are both the important second messenger and the direct participant of oxidative stress. Recent research has shown that ROS plays an important role in high glucose elicited by the expression of inflammatory factors. Pro-treatment with anti-oxidant NAC at 10 -2 mol/L can significantly inhibit the expression of IL-1b, IL-6 and TNF-a proteins in TAECs.
PI3K/AKT and NF-jB signaling also play a pivotal role in inflammation [22] [23] [24] [25] [26] [27] . The activation of NF-jB is responsible for the expressions of many inflammatory cytokines. The present results showed that PI3K/AKT and NF-jB were involved in the expression of IL-1b, IL-6 and TNF-a protein induced by high glucose, as the selective PI3K/AKT LY294002 and NF-jB inhibitor, PDTC, significantly blocked the expression of IL-1b, IL-6 and TNF-a proteins in TAECs.
CUR -a natural compound -has attracted more and more attention for as an anti-oxidant. Results from Fazal et al 28 .
showed that CUR could reduce oxidative stress in animals by scavenging ROS, protect the anti-oxidant enzymes from being denatured and reduce the oxidative stress marker lipid peroxidation. CUR also delays diabetic retinopathy through anti-oxidant and anti-inflammatory effects, and results in the inhibition of vascular endothelial growth and nuclear transcription factors 29 . In the present study, we showed that high glucose can increase the level of ROS and the anti-inflammatory effect of CUR mainly by blocking the expression of ROS. The PI3K/ AKT signaling pathway is also a target of CUR, and Tian et al 30, 31 . reported that the anti-cancer effect of CUR through mediating the PI3K/AKT/mammalian target of rapamycin signaling pathway. Our current research also showed that high glucose was able increase the expression of PI3K and the phosphorylation of AKT in TAECs, and the anti-inflammatory effect of CUR through mediating the PI3K/AKT signaling pathway for the reason that the function of CUR is similar to the specific inhibitor of the PI3K/AKT signaling pathway. Experiments from basic research showed that CUR could attenuate acute inflammatory injury by inhibiting the TLR4/MyD88/NFjB signaling pathway in experimental traumatic brain injury and decrease alveolar bone loss mainly in experimental periodontitis rats 33 . Another study showed that CUR could inhibit inhibitor of nuclear factor kappa-B kinase-a, inhibitor of nuclear factor kappa-B kinase-b (IKKb) and NF-kB-inducing kinase, and block NF-jB-mediated cytokine release 34 . Those studies consistently showed that NF-jB is a target of CUR, and the present study also showed the anti-inflammatory effect of CUR through interfering with the NF-jB signaling pathway in high-glucose-induced inflammation.
In conclusion, the present study showed that high glucose induced the expression of IL-1b, IL-6 and TNF-a protein through the PI3K/AKT-NF-jB signal pathway in TAECs. The anti-inflammatory effect of CUR might be through interfering with the PI3K/AKT-NF-jB signal pathway in TAECs. These provide new evidence for the potential inflammatory effect of high glucose and a strategy of dealing with high-glucoseinduced inflammation.
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